ABSTRACT: The structure of arch dam of Dongjiang River is more complex. In addition to the diversion steel pipeline of dam body, gate pier and other main parts close to the arch dam, the downstream face of the dam body is also built with anchored pier and outer wrapper concrete of diversion steel pipeline. This paper uses the combination method of uniform design and improved MMAS (maximum and minimum ant colony system) algorithm and BP neural network for the finite element back analysis of key mechanical parameters of the arch dam, and carries out comparative analysis of the dam stress through further calculation and combined with previous research, and draws the following conclusions: (1) The improved MMAS-BP algorithm improves learning, generalization capability and global and local optimization capability of BP algorithm, with a strong robustness. (2) The inversion results of materials partition for special parts of the dam body have a better compliance with the measured value, and back analysis results are reasonable and effective. (3) The back analysis parameters are used for the finite element calculation and the result shows that, compared with the results of the multi-arch and multi-beam method used in the design and review stages, the overall rules of the finite element calculation results basically remain the same, the arch crown is relatively safe, and the abutment is somewhat dangerous.
INTRODUCTION
The crest elevation of arch dam of Dongjiang River is 294m, the maximum dam height is 157m, the center arc length of the dam crest is 438m, the thickness of the dam crest is 7m, and the maximum width of dam base is 35m. The dam body is divided into 29 dam sections, which form as a whole through joint grouting. Both sides of downhole ski-style spillway are respectively located at the right bank of 6#~7# dam section and left bank of 24# dam section. 14#~17# dam section is installed with four power-generation diversion steel pipelines with an inner diameter of 4 5.2m, and traverses the dam body at the elevation of 217m of the upstream dam face. The downstream dam face is attached with anchored pier and outer wrapper concrete of diversion steel pipeline.
Since the tail lock impoundment for the first time, the dam has operated for 29 years, which has suffered from the stress calculation and check in the design and regular checking stages [1, 2] , but most of the calculation parameters still use the parameters in the design stage. Restricted by computer conditions, the model of finite element calculation and mesh generation and other processing are also relatively simplified. The data of regular checking of dam shows that [3] , the material properties of the concrete in the local area of dam still have a big gap. Therefore, this paper carries out finite element back analysis of mechanical parameters of the dam based on uniform design and improved MMAS-BP algorithm, and then uses the back analysis parameters for finite element calculation, and finally makes comparative analysis of the stress results and previous research, and the research result can provide an important reference for the assessment of real state of workability of the dam.
UNIFORM DESIGN AND IMPROVED
MMAS-BP ALGORITHM
Uniform design and BP neural network
Uniform design is a kind of experimental method to uniformly distribute the test points within the test range according to the "Quasi Monte-Carlo method" in the number-theoretic method, in order to minimize the test number and obtain rules between various factors and objectives. In recent years, BP neural network has been widely used in back analysis of the dam material parameters [4, 5] , and the finite element positive analysis results are formed as mapping of the determined mechanical parameters. The relevant principle of BP algorithm can refer to the reference [6] . Uniform design and BP algorithm can effectively reduce the number of finite element calculation. For the element mesh nodes and other mesh models with a relatively large size, saving the number of calculation can save more computing time.
MMAS algorithm
Thomas Stutzle, et al [7] propose that "MAX-MIN ant colony system" is an improved ant colony algorithm, which has achieved a better result in TSP problem than that of other ant colony algorithms. Its improvement in the basic ant colony algorithm is as follows:
( )
Where: τij(t) represents the pheromone left by an ant on the path (i, j) after t times of iteration, in order to avoid premature phenomenon. MMAS algorithm has an upper and lower limit to the pheromone, namely, τij(t)∈ τmin(t),τmax(t)], in order to avoid too concentrated routing selection. Meanwhile, the maximum pheromone after the initial iteration can be used as an initial value to avoid the lack of initial pheromone; 1-ρ represents the volatilization coefficient of pheromone, ρ∈(0,1); best ij   represents the pheromone left by the current optimal or global optimal path; S best represents the current optimal path or global optimal path; f represents the function of the path; the detailed principle of the basic ant colony algorithm and MMAS algorithm can refer to the reference [7] .
Improved MMAS-BP algorithm
The feedback method of BP algorithm is to use the gradient descent method to adjust the network parameters (weights and thresholds). This method has a low efficiency, which is easy to fall into local minimum value, and its convergence rate and accuracy of algorithm are vulnerable to the impact of initial weights and thresholds. Improved MMAS-BP algorithm refers to the ideas of references [8, 9] , which adjusts the weight coefficient of parameter pheromone (α), enlightening weight (β) and information strength (q) according to the sample iterations. Taking into account the maximum limit to pheromone, there is no upper limit to α, βand q. It is recommended that the equation is
, of which φ∈(0,1), the subscript 0 represents the initial value. Similar to solving TSP problem, the whole idea of the algorithm is that BP network training weights and thresholds are taken from the alternative parameters stored on the ant path. After completion of the network training, with the objectives of training error and testing error, there is a need to optimize objects and update the ant path and transition probability. In the update process of transition probability, MMAS algorithm is used for controlling over upper and lower limit of pheromone. Due to constant updating of the expectation degree in the transition probability, this paper also proposes to use the method that is the same with pheromone control method, and also controls over the upper and lower limit of the expectation degree, and finally stores the optimal path (including the global optimal and the current optimal iterations), and repeats iterations until reaching requirements. The specific flow chart is shown in Figure 1 . Reservoir water temperature: reservoir of Dong-jiang River belongs to stable layered type water temperature structure. The measured values of reservoir water temperature at different elevations are shown in Table 1 . Many years of average temperature in dam site is 17.5°C, and many years of amplitude of variation of temperature is 10.5°C, the month with the highest temperature is July, and the temperature load calculation is based on the arch dam specification SL282-2003.
Mechanical parameters used in the design stage and the regular checking data: concrete unit weight is 
Analysis of inversion results
According to the relevant researches, engineering experience and monitoring data, the elastic modulus of the dam concrete (except for 14#~17# dam section) (E1), the elastic modulus of 14#~17# dam section (including dam body, gate pier, anchored pier and diversion steel pipeline) (E2), the elastic modulus of transverse joints in dam body (E3), the elastic modulus of rock mass (E4) and linear expansion coefficient of concrete (αc) are selected as inversion parameters, and the value range of inversion parameters is set as E1, E2, E3=20GPa~40GPa, E4=10GPa~30GPa and αc= 0.5×10
/°C. Back analysis steps are as follows:
(1) The uniform design is used to set 27 horizontal numbers as training samples for the range of parameters, and set 5 horizontal numbers as testing samples for the finite element calculation.
(2) The determination of the measuring points and data needs to adapt to the material partition of the dam body, so the forward intersection measuring points with a higher reliability [3] in the downstream face of the dam body at the elevation of 292.2m is selected, with a total of 9 measuring points in the central section of # 2, # 5, # 9, # 12, # 15, # 17, # 20, # 23 and # 26 dam blocks from the right bank to the left bank. The radial displacement increment of each measuring point in April and June, 2014 is set as MMAS-BP network input data.
(3) MMAS-BP network training, BP network uses a hidden layer, with 10 neurons at the hidden layer. The transfer function is tansig, the transfer function at the hidden layer is tansig, and MMAS parameters are set as α0=2, β0=1, φ=0.15, ρ=0.8, the number of iteration calculation is 4000.
(4) After completion of mesh training of MMAS-BP model, the measured displacement increment is substituted into the network model as an input quantity, in order to inverse each computational mechanical parameter. The final inversion results are as follows, E1=34.3GPa, E2=28.7GPa, E3=30.2GPa, E4=19.5GPa and αc=0.944×10 -5 /°C. The elastic modulus of concrete in the inversion results is similar to the elastic modulus [10] of large full-grading aggregate concrete of Dongjiang River. The linear expansion coefficient is within the range of 0.91×10 -5 /°C~1.34×10 -5 /°C given in the reference [2] , thus, the mechanical parameters obtained by inversion can better reflect reality. Viewing from back analysis results in Figure 3 and Figure 4 , the calculated value and measured value of displacement increment of each measuring point have a better compliance. The displacement increment from February to April has somewhat difference in the vicinity of the arch crown. Taking into account the specific complex structure in the vicinity of arch crown of arch dam in Dongjiang River, and various uncertainties in the construction phase and operation process, it is believed that the data error basically meets the requirements, and the back analysis parameters are reasonable and effective.
Stress analysis of arch dam by the use of back analysis parameters
The combination of working condition of calculation is determined based on the actual situation and combined with regular checking data: The regular checking data of dam shows that, the multi-arch and multi-beam method is used to measure the stress standard of arch dam of Dongjiang River in the design and review stages. According to the arch dam specification SL282-2003, the arch dam of Dongjiang River should also adopt the calculation of the finite element method. Therefore, this paper uses the finite element calculation to compare with the stress results in the design and review stages. Due to limited length of this paper, this paper refers to the calculation results of the multi-arch and multi-beam method, but omits some unimportant data, obtaining comparison diagrams of stress results of typical parts of dam body at each elevation under each condition, as shown in Figure 5 to Figure 8 , in which the arch crown takes 16 # dam section, abutment takes the left bank, the compressive stress is positive, while tensile stress is negative. Viewing from the design, review and finite element calculation results, the design and review stages use the multi-arch and multi-beam method, so the calculation results have little difference, without specific analysis. Due to the use of different mechanical parameters, the finite element calculation results have a certain gap with the calculation results of multi-arch and multi-beam method.
As can be seen from Figure 5 , for the arch stress in upstream face of arch crown, the calculation results in the design and review stages present a larger compressive stress, while the finite element calculation results present a less stress, which is far less than the calculated value in the design and review stages. Taking into account a larger gate pier in the upstream face of 16 # dam section, the downstream face is attached with outer wrapper concrete of diversion steel pipeline and anchored pier. However, in the design and review stages, these parts are not considered, and they make the stress in the same part of the dam body has a larger gap, the maximum compressive stress is transferred to the gate pier, outer wrapped concrete and anchored pier and other edges [2] . Compared with condition 1 and condition 2, with the rise of temperature and increase of water level, the compressive stress in the vicinity of dam crest has a slight increase, while the compressive stress at other elevations has somewhat decrease. Compared with condition 2 and condition 3, with the increase of water level, the compressive stress has an insignificant increase. As can be seen from Figure 6 , for the vertical stress in the downstream face of arch crown, the calculation results in the design and review stages present a gradually increasing compressive stress from the dam crest to the dam base, and the maximum principal compressive stress is located in the dam base. The finite element calculation results show that the compressive stress is slightly less than the calculation results in the design and review stages. The elevation of 180m to 200m, namely, within the range of middle and upper elevation of the outer wrapper concrete of diversion steel pipeline and the range of anchored pier below the elevation of 160m (crest elevation of 155m) has a certain gap with the design and review results. After analysis, it is because the outer wrapper concrete of diversion steel pipeline and anchored pier increase the thickness of the arch dam, so that the maximum compressive stress is transferred. Compared with condition 1 and condition 2, with the rise of temperature and increase of water level, the compressive stress has a slight increase within a whole range. Compared with condition 2 and condition 3, with the increase of water level, the compressive stress has an insignificant increase within a whole range.
As can be seen from Figure 7 , for the maximum principal tensile stress in the upstream face of the abutment, the calculation results in the design and review stages present upper compressive and lower tensile characteristics from the top to the bottom of abutment, and the maximum tensile stress is small. The finite element calculation results show that the tensile stress value is greater than the calculation value in the design and review stages. Except that the rules of abutment at the elevation of above 270m are more complex (greatly influenced by the temperature), the stress state at other elevations is subject to tension, and has a certain increasing trend with the decrease of elevation, while the principal tensile stress of finite element calculation is generally large, and the maximum value is 3.78MPa under condition 3.
Compared with condition 1 and condition 2, with the rise of temperature and increase of water level, the tensile stress in the vicinity of top of abutment has somewhat decrease, while the tensile stress at other elevations has a significant increase. Compared with condition 2 and condition 3, with the increase of water level, the tensile stress has somewhat increase within a whole range. As can be seen from Figure 8 , for the maximum principal compressive stress in the downstream face of abutment, the calculation results in the design and review stages present a larger compressive stress below the elevation of 230m in the central of abutment, while the finite element calculation results show that the compressive stress at the upper part of abutment is less than the calculated value in the design and review stages. For the lower part of abutment, condition 1 is closer, while condition 2 and 3 are somewhat large, and the large part is mainly located within the range of elevation of 200m to 230m, and the maximum value is 8.91MPa under condition 3. Compared with condition 1 and condition 2, with the rise of temperature and increase of water level, the compressive stress at each elevation has a significant increase. Compared with condition 2 and condition 3, with the increase of water level, the compressive stress has somewhat increase within a whole range.
CONCLUSION
(1) Improved MMAS-BP algorithm makes full use of the respective advantages of the maximum and minimum ant colony algorithm and BP neural network to improve learning, generalization and global and local optimization capability of BP algorithm, while the uniform design and improved MMAS-BP algorithm significantly reduces the finite element calculation samples and computing time in the back analysis process. Integrated with the measured results and relevant data, the inversion results of mechanical parameters of dam body are rational and efficient.
(2) The back analysis parameters are used for finite element calculation. Through comparison with the stress results calculated by the use of multi-arch and multi-beam method in the design and review stages, the maximum compressive stress in the upstream and downstream face of arch crown of the dam body has somewhat decrease, the maximum tensile stress in the upstream face of abutment has somewhat increase, and the maximum compressive stress in the downstream face of abutment has somewhat increase, so the arch crown of the dam body is relatively safe, but the abutment is somewhat dangerous.
(3) The results of finite element calculation by the use of back analysis mechanical parameters of dam are similar to the rules of calculation results in the design and review stages. However, different from previous researches, arch dam takes full account of the impact of the gate pier of dam, outer wrapper concrete of diversion steel pipeline, anchored pier and other parts, combined with the mechanical parameters obtained by back analysis, so that the overall calculation results of arch dam of Dongjiang River are more realistic, and also provide an important reference for the safe operation of the dam.
